Tobacco etch virus NIa proteinase (TEV protease) is an important tool for the removal of fusion tags from recombinant proteins. Production of TEV protease in Escherichia coli has been hampered by insolubility and addressed by many different strategies. However, the best previous results and newer approaches for protein expression have not been combined to test whether further improvements are possible. Here, we use a quantitative, high-throughput assay for TEV protease activity in cell lysates to evaluate the efficacy of combining several previous modifications with new expression hosts and induction methods. Small-scale screening, purification and mass spectral analysis showed that TEV protease with a C-terminal poly-Arg tag was proteolysed in the cell to remove four of the five arginine residues. The truncated form was active and soluble but in contrast, the tagged version was also active but considerably less soluble. An engineered TEV protease lacking the C-terminal residues 238-242 was then used for further expression optimization. From this work, expression of TEV protease at high levels and with high solubility was obtained by using auto-induction medium at 37°C. In combination with the expression work, an automated two-step purification protocol was developed that yielded His-tagged TEV protease with >99% purity, high catalytic activity and purified yields of $400 mg/L of expression culture ($15 mg pure TEV protease per gram of E. coli cell paste). Methods for producing glutathione-S-transferase-tagged TEV with similar yields ($12 mg pure protease fusion per gram of E. coli cell paste) are also reported.
The development of high-throughput methods for protein expression and purification is profoundly complicated by the diverse chemical properties of proteins. Since fusion tags can modify the behavior of proteins, they offer the possibility for development of standardized protocols for purification, increased solubility, and detection [1] [2] [3] [4] [5] . However, fusion tags can also interfere with protein function and with structural studies [6] [7] [8] . Thus it is often advantageous to remove fusion tags prior to use. Proteases such as enterokinase, thrombin, and factor Xa have been used to liberate target proteins from fusion tags. However, these mammalian proteases do not exhibit stringent sequence specificity and often cleave target proteins at advantageous sites [9, 10] . A class of viral proteases that are more specific has emerged as an alternative to these enzymes. These include tobacco etch virus NIa proteinase (TEV 1 protease, [11] ), human rhinovirus 14 3C protease (3CP, [12] ), and tobacco vein mottling virus protease (TVMV, [13] ). Among these, TEV protease has received the most attention because many different small amino acids are tolerated in the P1 0 position, allowing target genes to be released from N-terminal fusions with either a native N-terminus or with only a single amino acid substitution [14] .
Production of TEV protease in Escherichia coli has been problematic due to three issues, auto-inactivation, codon bias and low solubility. The number of publications describing methods to overcome these problems is an indication of the importance placed on TEV protease as a reagent for proteomics and structural biology. Auto-inactivation has been largely eliminated through substitutions at residue 219 [15, 16] . Codon bias may be addressed through mutations or tRNA supplementation [17] . Solubility has been improved through the use of fusion tags [3] , incorporation of mutations [18] , co-expression with chaperone proteins [19] or expression at low temperatures [19] . Alternatively, solubility issues can be circumvented by refolding inclusion bodies [15] . These efforts have resulted in improvements in the volumetric productivity of TEV protease production from the first reported values of $1 mg/L [11] to the best current values of $50 mg/L [18] .
The relative efficacies of the many strategies used to improve TEV protease production have not been systematically compared. Likewise, the best reported results have not been combined to test whether further improvements are possible. Here, we report the application of a quantitative, high-throughput fluorescence polarization assay to directly measure TEV protease activity in cell lysates. This assay facilitated screening for expression variants and conditions leading to increased activity. By using this assay, we show that multiple factors, including the ability of maltose binding protein (MBP) to promote solubility, removal of deleterious C-terminal residues, modifications of the expression plasmid genotype and use of the auto-induction method may be combined to substantially increase the expression of soluble TEV protease. Furthermore, by coupling the best improvements in bacterial expression with an automated two-step purification protocol to minimize sample handling, TEV protease was obtained in a yield of $400 mg/L of expression culture with >99% purity. A similar approach was used to optimize the expression of glutathione-S-transferase-tagged TEV protease (GST-TEV). Table 1 summarizes the expression plasmids and coding regions used in this work. The expression vector pQE30-S219V containing a TEV protease gene was obtained from Prof. B.F. Volkman and Dr. F.C. Peterson at the Medical College of Wisconsin (Milwaukee, Wisconsin). This pQE30-derived plasmid (Qiagen, Valencia, CA) encoded residues 1-242 of the TEV protease open reading frame, the native residues at the C-terminus and the S219V mutation, which conferred resistance to auto-inactivation [16] . The expression vector pQE30-S219VpR 5 was a variant of pQE30-S219V where residues 238-242 were each replaced with arginine residues to create a poly-Arg 5 tag (pR 5 ) at the C-terminus. The expression vector pRK793 encoding a self-cleaving MBP-His 7 -TEV-pR 5 protease fusion protein was obtained from Dr. D.S. Waugh at the National Cancer Institute (Frederick, Maryland) . pRK793 also encoded the S219V mutation. The MBP-His 7 -TEV-pR 5 fusion can undergo proteolysis in vivo at a TEV protease site in the linker region after MBP to liberate MBP and His 7 -TEVpR 5 . Fig. 1 shows a summary of the PCR primers used to prepare TEV protease variants by overlap extension PCR [20] . All DNA fragments prepared by PCR amplification were sequence verified. The solubility enhancing mutations T17S, N68D, and I77V described previously [18] were incorporated into certain TEV protease variants as indi- Fig. 2 . b N-terminus anticipated from the sequence-verified expression plasmid including any intentional proteolytic digestion of fusion partners. c C-terminus anticipated from the sequence-verified expression plasmid. d Description used in the text for the C-terminus. 234D indicates that all residues from 234 to the original C-terminus have been deleted. 238D indicates all residues from 238 to the original C-terminus have been deleted.
Methods
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cated below. Separate PCR reactions were used to generate three fragments, one consisting of the N-terminus through T17S, a second between T17S and N68D/I77V, and a third between N68D/I77V and the desired C-terminus. The PCR primers for the 5 0 fragments were designed to produce protein with an N-terminal His 7 -tag (TEV-For-H7) or protein with no N-terminal tag (TEV-For-NoTag). The 5 0 fragment primers also contained the SgfI restriction site (highlighted in blue) for Flexi vector cloning [21] . The PCR primers for the central fragment duplicated the gene from the solubility enhancing mutation T17S (T17S-For) to the other mutations N68D/I77V (N68D-I77V-Rev). The positions of the mutagenic codons are highlighted in yellow. The PCR primers for the 3 0 fragments C-terminal fragments were designed to produce protein with different C-terminal extensions. The reverse primers also encoded the PmeI restriction site for use in Flexi vector cloning (highlighted in blue). The primers N68D-I77-For and TEV-Rev-Full were used to generate a full-length 242-residue TEV protease. The TEV protease was also truncated at either residue 238 (protein designated 238D, using primers N68D-I77-For and TEV-Rev-L239) or at residue 234 (234D, using primers N68D-I77-For and TEV-Rev-L234). The complete coding region was assembled from these fragments by a second round of PCR. Overlapping sequences in the three fragments are underlined in Fig. 1 . Fig. 2 shows the basic architecture of the expression vectors used. PCR products were incorporated into these expression vectors either directly from the overlap PCR or by transfer from another Flexi vector [21] . The vectors are identical except for the coding region and the promoter used for expression of LacI. The MHT coding region produces an MBP-His 7 -TEV protease fusion with a TEV protease site (TEVc) in between MBP and the His 7 sequence. After cleavage at the TEVc site, the MHT coding region yields AIA-His 7 -TEV, where the AIA tag originates from the Flexi vector cloning strategy [21] . The HT coding region yields His 8 -TEV. The GT coding region produces Fig. 2 . Maps of three expression vectors used in this work. The vectors are identical except for the coding region and the promoter used for expression of LacI. The MHT coding region produces MBP-His 7 -TEV with a TEV protease site (TEVc) between MBP and the His 7 sequence. After cleavage at the TEVc site, the MHT coding region yields Ala-IleAla-His 7 -TEV. The HT coding region yields His 8 -TEV. The GT coding region produces a non-cleavable GST-LeuIleAla-TEV protease fusion with no His-tag. Expression levels from auto-induction were increased by replacing the lacI q promoter with a wild-type lacI promoter.
a non-cleavable GST-TEV protease fusion. In some of the vectors, the lacI q promoter was replaced with a wild-type lacI promoter in order to increase the level of expression obtained from auto-induction [28] .
Expression hosts
Escherichia coli BL21 (EMD Biosciences/Novagen, Madison, WI), E. coli BL21 RILP (Stratagene, La Jolla,CA), and E. coli Krx (Promega, Madison, WI) were used as expression hosts. The RILP strain contains a plasmid for codon adaptation that provides constitutive expression of several tRNAs that are in low abundance in E. coli, including argU previously found to be important for TEV expression [17] .
TEV protease expression
Expression studies were carrier out using either autoinduction [4, 22] or isopropyl-thio-galactoside (IPTG) induction. Kanamycin (100 lg/mL) was added to all media and chloramphenicol (34 lg/mL) was added to cultures of E. coli BL21 RILP. All starting inocula were grown in chemically defined MDAG medium [22] modified by the addition of 0.375% aspartic acid, 0.8% glucose, and reduction of phosphate to 25 mM. Starting inocula were grown overnight at 25°C and reached saturation at OD 600 of $10 to 15. The starting inoculum was added at 1/20th the volume of expression medium. Expression medium consisted of terrific broth containing 0.8% glycerol (Sigma, St. Louis, MO) prepared according to the manufacturer's instructions and further supplemented with 2 mM MgSO 4 and 0.375% aspartic acid. When used for induction, IPTG was added to a final concentration of 0.5 mM. For autoinduction, the medium also contained 0.5% (w/v) lactose and 0.015% (w/v) glucose.
Small-scale expression screening was conducted in 96-well growth blocks (Qiagen) containing 400 lL of medium. For IPTG induction, the cultures either were grown at 37°C and treated for 3 h with IPTG or were grown at 25°C and treated for 5 h with IPTG. The IPTG induction was initiated when culture monitoring showed OD 600 % 1.2-2.0, which corresponded to early log phase growth. For auto-induction, the expression screening was carried out for either $12 h at 37°C or $24 h at 25°C. No additional monitoring after inoculation was required. The small-scale cultures were harvested by freezing 100 lL aliquots at À80°C.
Large-scale expressions were done either in 2-L PET bottles containing 0.5 L of culture medium [4, 23, 24] or in a Bioflow 3000 fermenter (New Brunswick Scientific, Edison, NJ) containing 9.5 L of culture medium. The largescale cultures were pelleted by centrifuge at 4000g for 20 min. The cell pellets were re-suspended in a small volume of 50 mM phosphate, pH 7.5, containing 300 mM NaCl and 20% ethylene glycol and centrifuged again to recover the washed cell paste. The washed cell paste was stored at À80°C in 50 mL conical tubes.
Preparation of small-scale cell-free lysates
The cell cultures frozen in PCR plates were thawed and suspended in lysis buffer to a final volume of 120 lL and a final composition of 20 mM Tris-HCl, pH 7.5, 20 mM NaCl, 0.3 mM (TCEP), 1 mM MgSO 4 , 3 kU/mL of rLysozyme (EMD Biosciences/Novagen) and 0.7 U/mL of benzonase (EMD Biosciences/Novagen). After 30 min incubation at room temperature, the samples were sonicated on a plate sonicator (Misonix, Farmingdale, NY) for 6-10 min. Samples were then centrifuged at 3000g for 30 min. The supernatant fraction was retained for protease assay measurements.
TEV protease activity assays TEV activity was determined using a fluorescence anisotropy-based protease assay [9] with the soluble fraction of the cell-free lysate. The assay is based on a reduction in fluorescence anisotropy that occurs when a small fluorescent peptide is liberated from a larger protein [5, 25] . For this work, the substrate reported earlier was modified to minimize the anisotropy upon proteolysis by minimizing the size of the liberated peptide. This fluorescent substrate was produced in E. coli as the fusion protein His 8 -MBP-3CPc-C4-attB1-TEVc-MBP, where His 8 is an N-terminal His-tag, MBP is E. coli maltose binding protein, 3CPc is a human rhinovirus 3C protease cleavage site (LEVLFQflGP, where fl indicates the 3C protease cleavage site), C4 is the tetraCys motif (CCPGCC), attB1 is the amino acid sequence required for the attB1 site of Gateway cloning (TSLYKKAGS) and TEVc is a TEV protease cleavage site (ENLYFQflS).
The fusion protein was expressed and purified as previously reported. After treatment with 3C protease, the substrate protein (27-F) has the N-terminal sequence of GPCCPGCCTSLYKKAGSENLYFQflS fused to MBP. FLAsH was synthesized [5] and added to 27-F in an amount sufficient to provide $5% covalent labeling of the tetraCys motif. The standard proteolysis assay was performed in 20 mM Tris, pH 7.5, containing 100 mM NaCl, 5 mM EDTA, 0.3 mM triscarboxyethylphosphine (TCEP) and 5 lM 27-F with 5% FlAsH labeling at 25-28°C. Proteolysis releases the fluorescently labeled peptide GPCCPGCCTSLYKKAGSENLYFQ. Samples of the fluorescent substrate incubated with TEV protease at conditions known to effect complete cleavage [9] were used to determine the intrinsic anisotropy, mr i , of the peptide in the given assay conditions. The time-dependent exponential changes in fluorescence anisotropy were fit by non-linear least-squares methods to determine the initial anisotropy, mr 0 , the final anisotropy, mr 1 and the decay constant (proteolysis rate). The mr 0 , mr 1 and mr i values were used to prepare fractional progress curves [9] . Fitted decay constants were adjusted for the percentage labeling of the substrate. Reported errors for the assay represent two standard deviations of the mean.
Refolded TEV protease S219V-TEV protease expressed from IPTG-induced cultures of E. coli BL21 pQE30-S219V was prepared by resuspension of the inclusion bodies in 6 M guanidinium hydrochloride containing 0.3 mM TCEP to a final protein concentration of 1 mg/mL. This suspension was diluted 20-fold into a refolding buffer containing 50 mM MES, pH 6.5, containing 0.5 M arginine, 0.5 M sucrose, 2 mM MgCl 2 , and 0.3 mM TCEP. After 1 h, the refolded mixture was subjected to IMAC purification and dialyzed into storage buffer containing 50% glycerol. To IMAC waste Fig. 3 . A schematic representation of the equipment used for automated two-step purification of His 7 -TEV protease. The solid lines in the system injection valves show the flow path during the simultaneous IMAC elution and cation exchange binding phase of the purification. The dotted lines indicate flow paths used during other phases of the purification. Separate control programs were developed for the IMAC and cation exchange steps and were synchronized by starting the programs at the same time. By specifying the timing of steps that require coordinated action of both units, no communication between the purification units was required. Abbreviations. P, pressure sensor; UV, absorbance detector making measurements at 280 nm; C, conductivity detector.
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containing 500 mM NaCl and 0.3 mM TCEP. Buffer B was 20 mM phosphate, pH 7.5, containing 350 mM NaCl, 500 mM imidazole and 0.3 mM TCEP. Buffer C was 10 mM Tris, pH 7.5, containing 0.3 mM TCEP. Buffer D was 10 mM Tris, pH 7.5, containing 1000 mM NaCl and 0.3 mM TCEP. Control programs were developed to complete consecutive IMAC and cation exchange purifications without user intervention. Cell paste (34 g) was re-suspended in 50 mM phosphate, pH 7.5, containing 300 mM NaCl, 20% ethylene glycol and 0.3 mM TCEP at a ratio of 6 mL of buffer per gram of wet cell paste. The following protease inhibitors were added to the indicated final concentrations prior to sonication: E-64 (1 lM), EDTA (1 mM) and benzamidine (0.5 mM). The cell suspension was sonicated for 6 min on ice and all subsequent purification steps were conducted at 4°C. The sonicated cell suspension was centrifuged for 25 min at 95,000g and the soluble fraction was retained. The soluble fraction was loaded into either a 50 or 150 mL loading loop and then loaded onto purification system 1 at 3 mL/min. This purifier system had two 5 mL Histrap HP columns arranged in series and equilibrated with buffer A. The columns were washed with eight volumes of a mixture of 85% buffer A and 15% buffer B. During the wash, the flow rate was increased to 5 mL/min.
The bound protease was eluted from purification system 1 by a step-wise change to 100% buffer B. At the start of the elution step, the flow rate of buffer B was decreased to 0.7 mL/min and the flow path was diverted to purification system 2. This purification system had a 2-mL mixing chamber upstream of two 5 mL SP Fast Flow columns arranged in series. The columns were equilibrated with buffer C. The sample from the first purifier was injected into the mixing chamber at 0.7 mL/min, mixed with 100% buffer C at 10 mL/min and loaded onto the columns of purification system 2 at a total flow rate of 10.7 mL/min. The resultant $15-fold dilution of the sample prior to application to the cation exchange columns ensured that the ionic strength was low enough allow tight binding of the protease to the column.
Upon completion of the IMAC elution, the flow through purifier system 1 was increased to 5 mL/min and directed to waste for column wash and re-equilibration with buffer A prior to the injection of the next aliquot of lysate. The waste sample was collected so that possible losses of TEV protease could be determined. Also upon completion of the IMAC elution, the flow through purifier system 2 was decreased to 5 mL/min and a six column volume gradient from 100% buffer C to a mixture of 40% buffer C and 60% buffer D was started. Fractions containing TEV protease were detected by UV measurement. After elution of the TEV protease, the flow through purification system 2 was directed to waste. The column was then washed with several volumes of 100% buffer D and reequilibrated with 100% buffer C prior to the start of the next injection from the first purification system. This waste sample was also collected.
Fractions were analyzed by catalytic assays and SDS-PAGE and were pooled based on specific activity and protein purity. The protein concentration of the pooled sample was determined by UV-visible spectroscopy (e 280 = 32,770 M -1 cm -1 calculated from the amino acid composition). The pooled TEV protease was diluted with buffer C and storage buffer containing 10 mM Tris, 0.5 mM EDTA, 0.3 mM TCEP and 80% (v/v) glycerol to a protein concentration of 1 mg/mL in 50% glycerol. No additional buffer exchange, concentration or dialysis steps were required. The purified TEV protease was stored in this buffer at À20°C.
Purification of GST-TEV protease
For purification of GST-TEV, the preparation of the cell-free lysate and soluble fraction from 3 g of cell paste were as described above. Ammonium sulfate was added to 55% of saturation in order to precipitate the protease fusion. The pellet from the ammonium sulfate precipitation was re-suspended in 20 mL of 10 mM Tris, pH 7.5, containing 10 mM NaCl and 0.3 mM TCEP. The glutathione Sepharose purification step was completed using an 8 mL gravity flow column at room temperature because the GST-TEV was found to bind slowly to the resin at 4°C. The column was washed with five column volumes of the re-suspension buffer described above. The protein was then eluted with 50 mM Tris, pH 7.5, containing 2 mM EDTA, 0.3 mM TCEP and 10 mM reduced glutathione. The eluted fusion protein was concentrated using an Amicon 10 kDa molecular weight cutoff centrifugal concentrator (Millipore, Billerica, MA) to a concentration of $18 mg/mL. The concentrated sample was loaded to a Sephacryl S-100 26/10 column equilibrated in 10 mM Tris, pH 7.5, containing 1 mM EDTA and 0.3 mM TCEP at 4°C at a flow rate of 1 mL/min. Fractions were analyzed as described above.
Other analytical methods
Protein expression levels were assessed using SDS-PAGE on total cell lysates, and the soluble and insoluble fractions prepared as previously reported [4] . The molecular weight markers shown in gels were from Bio-Rad (Hercules, CA). Mass spectral analyses were determined using a Sciex API 365 triple quadrupole mass spectrometer (Perkin-Elmer, Boston, MA) maintained at the University of Wisconsin, Biotechnology Center. Upon treatment with TEV protease, the N-terminal peptide is released from the remainder of the fusion protein by proteolysis between Q23 and S24. This changes the effective molecular weight of the fluorophore from 43 to 2.5 kDa and also corresponds to a decline in the observed anisotropy from $230 millianisotropy units (mr) to $110 mr, depending on buffer conditions. Fig. 4 shows that lysates containing recombinant TEV protease give exponential decay in the observed anisotropy (open triangles), corresponding to proteolytic release of the fluorophorelabeled N-terminal peptide from the full substrate. In this work, this assay has been used to investigate the efficacy of various C-terminal modifications, solution conditions and expression methods on the accumulation of active TEV protease in bacterial cell lysates. Moreover, the same assay approach was used to obtain numerical accounting of the results of an automated TEV protease purification described below.
Results
Fluorescence polarization assay
C-terminal proteolysis of TEV-pR 5 enhances solubility
Our initial investigations with TEV protease included the use of three different expression vectors, pQE30-S219V, pQE30-S219VpR 5 , and MBP-His-TEVS219VpR 5 expressed from pRK793. All three vectors produce an Nterminal His-tagged protein, for the third construct this is released upon in vivo proteolysis. The first construct produces a native C-terminus, while the second and third produce a C-terminus where the last five residues are replaced with the pR 5 tag. The pR 5 tag has been used to enhance purification of TEV protease [16] .
TEV protease expressed from pQE30-S219V was primarily present as inclusion bodies despite many attempts to optimize the solubility of the expressed protein. Nevertheless, the fraction of TEV protease that was soluble could be purified using IMAC and high-resolution Mono S cation exchange in a linear salt gradient. Thus the yield of purified TEV protease obtained from the pQE30-S219V was less than 10 mg/L of expression culture. Fig. 5 shows that the elution profile for the TEV protease expressed from pQE30-S219V was a single peak. Moreover, Table 2 shows that the mass spectral analysis (measured mass 28,763) was consistent with the presence of the full-length native protein (calculated mass 28,751).
For comparison, Fig. 5 shows that two distinct peaks were observed from Mono S separation of the TEV protease expressed from pRK793. Activity measurements showed that these two peaks had similar specific activities in the TEV protease assay. Table 2 shows that the majority protein of peak 1 had a mass consistent with proteolysis of four Arg residues from the C-terminus (measured 27,988 Da versus calculated 27,992 Da), while the protein of peak 2 had a mass consistent with retention of the four Arg residues (measured 28,617 Da versus calculated 28,617 Da). Moreover, a small fraction of TEV protease present in peak 1 from pRK793 had a mass consistent with truncation after residue 233 (measured 27,476 Da versus calculated 27,477 Da). Upon purification, the fractions of peak 1 were well behaved and remained in solution over extended periods of time. In contrast, the fractions from peak 2 often contained precipitated protein. Fig. 6 shows SDS-PAGE results for TEV protease expressed from pQE30-S219VpR 5 . These results provide further corroboration of the lability of the pR 5 tag and the insolubility of TEV protease that retains it. Fig. 6A shows that expression of His 7 -TEV-pR 5 at 37°C gave no TEV protease in the soluble fraction. For comparison, expression at 25°C gave detectable TEV protease activity in the soluble fraction. However, Fig. 6B shows that while The concentration gradient is shown as a dashed line with the concentration indicated by the right axis. Two distinct peaks were evident for protease produced from pRK793, labeled 1 and 2. These peaks contained truncated and full-length protease, respectively, as indicated by ESI mass spectrometry. Protease produced from pQE30-S219V had a mass consistent with full-length protease.
the soluble fraction contained only a single TEV protease band, the insoluble fraction contained two bands. Mass spectral analysis of the purified soluble fraction was again consistent with proteolysis of four Arg residues from the C-terminus. Thus His 7 -TEV-R was found in both the soluble and insoluble fractions upon expression at 25°C. In contrast, His 7 -TEV-pR 5 was exclusively found in the insoluble fraction.
The results of Figs. 5 and 6 indicate that a C-terminal pR 5 tag on TEV protease is subject to proteolytic removal. Furthermore, removal of this tag is apparently associated with increased solubility of TEV protease.
Effect of C-terminal truncations on TEV protease expression
After identifying the importance of the C-terminal region of TEV protease to solubility, we were interested in more fully examining the limits of TEV protease expression. Thus new TEV protease coding sequences shown in Fig. 1 were designed to place stop codons either at residues 234 or 238. These new coding sequences incorporated three previously discovered solubility enhancing mutations [18] . A full-length TEV protease coding sequence was also prepared with and without the solubility enhancing mutations. Table 1 summarizes the coding sequences, the presence or absence of the solubility enhancing mutations and the three different expression vectors, whose architecture is shown in Fig. 2 . The MHT vectors incorporate a self-cleaving MBP-His 7 -TEV coding sequence similar to pRK793. After autocatalytic cleavage, the protease is released with an N-terminal AIA-His 7 -tag, where AIA comes from the Flexi vector cloning. The HT vectors yield N-terminal His 8 -TEV with no other fusion tag attachment. The GT vectors yield an N-terminal fusion to GST. This fusion protein has no proteolysis site in the short LIA linker so cannot be separated.
A number of comparative small-scale expression experiments were conducted with these variants. The type of induction was investigated at 25°C using either autoinduction with lactose or manual induction with IPTG. The role of the expression host was compared using expression strains E. coli BL21 and E. coli Krx. Fig. 7 shows the results of the analysis of the cell lysates by catalytic assay and SDS-PAGE. For each coding sequence, the C-terminal 238D variants gave the highest catalytic activity, and the best catalytic results (Fig. 7A) were obtained from the 238D and 234D variants expressed from the MHT coding region in E. coli BL21 using auto-induction. At the expression levels obtained in these experiments, SDS-PAGE analysis (Fig. 7B) showed no insoluble TEV protease was detected from either the autocatalytic MHT or the HT a Plasmid used to express the TEV protease sample investigated. b C-terminus anticipated from the sequence-verified expression plasmid. c Mass calculated for the TEV sample with the plasmid-encoded N-terminus and deduced C-terminus. d Mass of the purified TEV protease sample determined by ESI mass spectrometry. For pRK793, peak 1 and peak 2 refer to the distinct elution peaks shown in Fig. 5 . Within peak 1, mass peaks for major and minor species were also detected.
e Most probable C-terminus deduced from the ESI data. f Percent error between the calculated mass and that determined by ESI mass spectrometry. Fig. 6 . A comparison of the solubility of TEV protease dependent on expression temperature and the nature of the C-terminal tag present. T, total cell lysate; S, soluble fraction of the total cell lysate; and I, the insoluble fraction of the lysate. Gel (A) shows that His 6 -TEV-pR 5 expressed from pQE30-S219VpR5 at 37°C is entirely insoluble. Gel (B) shows that His 6 -TEV-pR 5 expressed from pQE30-S219VpR5 at 25°C is a doublet that partitioned between the soluble and the insoluble fraction. Other work presented here shows the soluble protein is primarily proteolyzed His 6 -TEV-R, while the insoluble fraction contains both His 6 -TEV-R and His 6 -TEV-pR 5 .
coding regions, regardless of whether the solubility enhancing mutations were present or not. In contrast, some insoluble protease was observed with the GT coding sequence. However, this fraction was minor compared to the soluble fraction.
Optimization of TEV expression conditions
Based on the results from Fig. 7 , the expression conditions were further optimized for the C-terminal 238D variant with each coding region. First, each variant was placed into a modified expression vector where the lacI q promoter used to overexpress LacI was replaced with the wild-type lacI promoter. This change helps to optimize protein expression from auto-induction [P.G. Blommel and B.G. Fox, manuscript submitted for publication]. Eight different expression conditions were then tested in the lacI context. These were 25°C versus 37°C, IPTG versus auto-induction and the presence or absence of the RILP codon adaptation plasmid. support the value of RILP codon adaptation. Moreover, in most cases the auto-induction method performed better than IPTG induction with respect to cell mass recovered and expression at 37°C was found to give higher levels of TEV protease activity with both MHT238D and HT238D. Surprisingly, the level of active TEV protease was not statistically different for either MHT238D or HT238D (which also include the solubility enhancing mutations and the stabilizing mutation S219V) with auto-induction and codon adaptation. The activity of the GT238D variants was uniformly lower than the MHT238D or HT238D variants. This may reflect steric interactions arising from the fact that GT238D is a fusion protein while the other two TEV proteases have only a short His-tag at the N-terminus. Fig. 8B shows the SDS-PAGE analysis, and helps to illuminate the tradeoff between solubility and total expression. Total protein expression is higher at 37 than 25°C. For MHT238D, all expression conditions at both temperatures yielded soluble protease after in vivo cleavage and the measured activity correlated with the expression level. For HT238D, both auto-induction and IPTG induction gave a high level of total expression at 37°C, but some insoluble protease was also observed. In contrast, expression at 25°C yielded no insoluble protease. Higher expression (and appearance of insolubility) was also associated with RILP codon adaptation at 37°C. These gel-deduced differences are corroborated by the assay results. Fig. 8 indicates that the GT238D coding sequence expressed comparably with auto-induction at 37°C or with IPTG induction at 25°C. However, solubility problems were most apparent for GT238D. Insoluble GT238D was obtained with IPTG and auto-induction at 37°C. At 25°C, the lowest fraction of insoluble GT238D was observed with auto-induction. The insolubility of GT238D was apparently not remedied by the presence of the solubility enhancing mutations. For GT238D, codon adaptation was clearly advantageous as all four comparative conditions containing the RILP plasmid outperformed the corresponding condition without codon adaptation (e.g., condition 8 versus 4 and others). from GST-TEV. This is particularly evident in condition 8, but also present with conditions 1, 3, 5 and 7). Indeed, only auto-induction at 25°C seemed to minimize this. Table 3 summarizes the effects of changes from a starting condition of expression of the full-length TEV protease at 25°C with auto-induction to inclusion of RILP codon adaptation and a change to the lacI promoter on measured TEV protease activity. For example, change from the fulllength TEV protease to TEV238D protease gave a 1.7-fold increase in enzyme activity with the MHT coding sequence. The multiplicative fold improvement was most dramatic for HT238D, and represented a $30-fold improvement from the poor activity observed in the starting condition. By contrast, the MHT238D and GT238D coding sequences gave more modest 5-and 7-fold multiplicative improvements from the starting condition. Table 3 also shows that the highest total units of enzyme activity were obtained from optimized expression with MHT238D, arising from the high level of soluble expression and the improvements given by the multiplicative improvements.
Large-scale expression of TEV protease using auto-induction
The combined results of Figs. 7 and 8, and Table 3 indicated that the highest level TEV protease might be produced from MHT238 at 37°C using auto-induction, RILP codon adaptation and the lacI promoter for regulation of LacI expression. Fig. 9 shows results from performing this expression experiment in a 10-L fermenter. Fig. 8A shows the time course of changes in TEV protease activity and cell density. During the auto-induction process, the TEV protease activity was below detection limits until the cell density reached $6 (3.5 h after inoculation). Thereafter the protease activity increased rapidly with the largest increase occurring between cell densities of 10 and 18 (5-7 h after inoculation). Fig. 9B shows an SDS-PAGE gel analysis of the expression culture. The SDS-PAGE results are consistent with the assay results, as the protein bands corresponding to both MBP and His-TEV appeared a The improvement was quantified by assay of TEV protease activity in cell lysates. b Coding sequence for the TEV variant placed into the plasmid shown in Fig. 2 . c The multiplicative fold improvement is the product of the factors of all alternate conditions that led to higher activity. d The initial activity is from the full-length TEV protease and the final activity is from the optimized expression conditions. e The starting condition was expression of the full-length TEV protease at 25°C using auto-induction medium, no RILP codon adaptation and lacI q control of LacI expression. f The initial change to alternate conditions was incorporation of the 238D truncation. Other alternate conditions leading to higher activity are shown in bold. medium). The right-most three lanes in Fig. 9B show that the TEV protease was almost exclusively soluble, with less than 5% of the protease accumulated in the insoluble fraction based on scanning densitometry (note that the insoluble fraction was loaded at three times the equivalent volume in the SDS-PAGE to allow better visibility).
Purification of His 7 -TEV protease Fig. 3 shows a schematic of the instrumentation used for automated purification of His-tagged TEV protease. Two Akta Prime systems were linked together to perform a two-step purification consisting of IMAC followed by cation exchange chromatography. Control software allowed repetitive operation of the linked instruments. The automated procedure allowed analysis of four streams from the purification: starting cell-free lysate, the waste from the IMAC and cation exchange steps and the purified TEV product. Fig. 10A shows elution profiles from the first and second cycles of cation exchange chromatography and the second and third cycles of IMAC chromatography. Table 4 shows results from replicate purification cycles and Table 5 shows the purification table assembled from the pooled results of first four purification cycles.
For Table 4 , six cycles were completed from one batch of cell free lysate. The first five cycles consumed 42 mL of lysate each and produced 20 mL of purified TEV product, while the sixth cycle, using the remaining 15 mL of lysate, was eluted in a 10-mL fraction. The first four purification cycles were conducted starting immediately after the lysate was prepared and showed highly reproducible recovery of total protein, total activity and specific activity. In purification cycle 4, the imidazole concentration in the wash buffer was increased from 75 to 100 mM in order to investigate the upper limit of imidazole concentration attainable prior to loss of yield. This change did not decrease the recovery of protease. Purification cycle 5 was undertaken using 75 mM imidazole. Purification cycles 5 and 6 were also begun $16 h after preparation of the lysate. The yield of TEV protease from purification 5 was similar to the previous four purifications, which indicates that AIA-His 7 -TEV238D protease was stable in the lysate at 4°C (i.e., no degradation by host proteases, autocatalytic inactivation and no precipitation). In purification 6, the imidazole concentration in the wash buffer was further increased to 125 mM. This led to a partial loss of protease in the wash fraction and decreased recovery. The purity of the TEV protease obtained from individual purification cycles can be judged from Fig. 10B . Lane 1 shows the cell free lysate and over-expressed MBP and TEV protease. Lane 2 shows the flow through from the IMAC column. The TEV protease was completely bound. After the completion of the cation exchange step, it was revealed there was no apparent benefit to changing the IMAC wash buffer from 75 mM (purification cycles 1-3 and 5, lanes 4-6 and 8) to 100 mM imidazole (purification cycle 4, lane 7), as no contaminants were visible even with the 75 mM imidazole wash. Lane 9 shows the product obtained from purification cycle 6. The yield was diminished because less lysate was used and an exploratory 125 mM imidazole wash of the IMAC column was used resulting in some loss of TEV protease activity to the IMAC wash (Table 4) .
The rightmost three lanes of Fig. 10B further document the purity of the TEV protease from lane 5. Even with overloading (50 lg, lane 10), no clearly distinguishable contamination products were visible relative to a BSA standard (312 ng, lane 11). Furthermore, scanning densitometry of lane 10 yielded no peaks above background noise outside of the main TEV protease band. Upon the basis of this analysis, the purified TEV protease was judged to be greater than 99% pure. Mass spectrometry confirmed that the purified product had a mass consistent with the MHT238 coding sequence (Table 2) . Table 5 summarizes the combined results of purification cycles 1-4. The results obtained from 168 mL of cell lysate correspond to the use of 26 g of cell paste. Overall, $13% of the total protein present in the cell lysate was recovered as purified AIA-His 7 -TEV protease. This corresponds well with the 6.7-fold increase in activity during the purification, which suggests that the TEV protease represented $15% of the total protein in the original cell lysate. The purified protein sample contained $85% of the activity detected in the original cell lysate and less than 5% of the TEV protease activity originally detected in the cell-free lysate was accounted for in the waste streams.
Production and purification of GST-TEV
The analysis of Table 3 suggested that expression of GST-TEV would be preferred using IPTG induction at 25°C. However, Fig. 8 indicates that auto-induction at 25°C gave nearly equivalent total enzyme activity without the degree of insolubility observed from IPTG and without 1.05 ± 0.01 10 ± 0.1 2.4 ± 0.4 0.23 ± 0.04 a In cycle 4, the imidazole concentration in the wash buffer was 100 mM. b In cycle 6, the remaining lysate was used. In addition, the imidazole concentration in the wash buffer was increased to 125 mM. the appearance of an unknown protein truncation product. For these reasons, GST-TEV was expressed from GT238D at 25°C by auto-induction with RILP codon adaptation and the lacI promoter modification in 2-L PET bottles. The auto-induction yielded 38 g of cell paste per liter of culture medium. Fig. 11 shows the SDS-PAGE analysis of a two-step purification of GST-TEV by glutathione Sepharose chromatography and then size exclusion chromatography. The recovery of the partially purified GST-TEV was around 12 mg per g of cell paste. Two minor contaminants, visible in Fig. 11 at $23 and $32 kDa, were not resolved by the two-step purification.
Comparison of the activity of purified His-TEV and GST-TEV reported for S219V-TEV protease acting on a peptide substrate [16] .
Discussion
Fusion tags are important tools to increase solubility, allow standardized purification and improve detection of recombinant proteins [1] [2] [3] [4] [5] . However, fusion tags may interfere with either protein function or structural studies. For this reason it is often desirable to remove the fusion tags. TEV protease has received much attention for fusion tag removal because of its high specificity and also because of the tolerance for many amino acids in the P1 0 site [14] . Thus considerable efforts have increased the volumetric productivity of TEV protease production from $1 mg/L [11] to $50 mg/L [18] .
In this work, we asked whether a combination of existing best results with new protein modifications and new expression methods might lead to further improvements in TEV protease production. The cumulative results show that the answer is true and methods documented in this work show how to obtain highly pure, highly active TEV protease in yield of $400 mg per liter of culture medium ($15 mg per gram of cell paste).
C-terminus
This work revealed that pR 5 modification of the C-terminus of TEV protease was removed by proteolysis, and surprisingly, the removal significantly increased the solubility of the truncated protein. The residues adjacent to the major 238D truncation product do not appear to be a good substrate for TEV protease based on prior biochemical evidence [26] . However, since the C-terminal residues after 221 are disordered in the TEV protease crystal structure [27] , it appears that the C-terminal residues are flexible enough to enter the active site and sufficiently increase the local concentration so that otherwise unfavorable proteolysis reactions can occur [16] .
In vivo truncation starting at residue 238 had no effect on catalytic activity, which contrasts with the 90% reduction in activity after truncation at residue 219 [16, 26] . Therefore, we intentionally truncated the C-terminus to create TEV237D. After expression in E. coli BL21, TEV238D contained significantly higher enzyme activity in the soluble fraction as compared to the full-length TEV protease regardless of the N-terminal fusion (MBP, GST or His-tag only), or the method used for induction (auto-induction or IPTG). It is also notable that high expression of soluble, active TEV protease could be obtained at 37°C with both MHT238D and HT238D (Fig. 8) . The advantage of the TEV238D truncation was enhanced by fusion to MBP and RILP codon adaptation.
Induction method
Auto-induction cultures attained higher cell density at saturation. In the auto-induction medium, the cultures reached an average of 20 OD 600 units. In contrast, IPTG induced cultures typically grew to half of this density and often saturated at densities as low as 5 OD 600 units. Sample volumes loaded on the SDS-PAGE gels shown in Figs. 7 and 8 were normalized to the volume loaded rather than the cell density. As a result the background of host proteins is more apparent in the auto-induced cultures than IPTGinduced cultures. In many cases, the fraction of protein attributable to TEV protease may be higher for IPTG induced cultures compared to auto-induction but the volumetric productivity is lower due to cell yield. The E. coli expression strains BL21 and Krx were statistically equivalent in their ability to express TEV protease with IPTG induction.
Small-scale optimization of expression conditions
By combining previous approaches with truncation mutations and screening of expression conditions using a catalytic assay for TEV protease (Table 3) , we identified a combination of experimental modifications that gave an $5-fold increase in TEV protease production over previous reports [18, 19] . The use of the C-terminal deletion 238D, a reduction in lac repressor expression, and RILP codon adaptation were beneficial in all cases. The utility of lac repressor reduction during auto-induction will be described elsewhere [28] . RILP codon adaptation was in general beneficial to increase expression levels, although not to the extent previously reported [17] . From the experiments conducted, it was not possible to explicitly determine the impact of the solubility enhancing mutations [18] . Nevertheless, our initial experience with the pQE30 expression vectors (Table 2) , are consistent with the utility of the solubility-enhancing mutations for TEV protease obtained from MHT237D and HT237D.
Large-scale TEV protease production
Since TEV protease is used in many proteomics and structural genomics studies, highly purified and active TEV protease may be required in multi-gram quantities by some researchers. This is true at the University of Wisconsin Center for Eukaryotic Structural Genomics. Previous reported yields of TEV protease include 50 mg/L from solubility enhancement [18] , 64 mg/L from chaperone assisted protein production [19] , and 100 mg/L from pRK793-derived expression as an MBP-TEV-pR 5 fusion [our unpublished results, but here shown to be susceptible to precipitation in the absence of C-terminal proteolysis Fig. 5 ]. To investigate productivity beyond these previous levels, the best condition for TEV protease production identified through small-scale screening (Table 3) was scaled up to a 10-L fermentation. This fermentation yielded 23 g of wet cell paste per liter of culture medium with 15 mg of purified TEV obtained per gram of cell paste. Expression results from Table 3 and Fig. 8 were used to test the expression of GST-TEV from GT238D in 2-L PET bottles. This work yielded 38 g of wet cell paste per liter of culture medium with $12 mg of purified GST-TEV obtained per g of cell paste. Thus the defined expression conditions give comparable results from small-scale expression trials in growth blocks, 2-L shaken flask culture and large-volume instrumented fermenters.
Automated purification
The automated purification was developed to increase the efficiency of TEV protease production. With the four cycles of automated purification described here, 400 mg of TEV protease can be purified in a single day. Following the cation exchange step of the purification, SDS-PAGE and densitometry show that the obtained protease is >99% pure. In addition to the high purity given from the automated protocol, the TEV protease eluted from the cation exchange resin was already in a buffer and concentration suitable for direct dilution with glycerol for long-term storage. Indeed, TEV protease stored in this buffer at À20°C has retained full activity for more than 2 years.
Activity comparisons
The catalytic activity of AIA-His 7 -TEV238D protease (produced from MHT238D to include solubility enhancing mutations [18] and the S219 V mutation to minimize autocatalytic inactivation [16] ) was identical to that of His-TEV prepared by refolding inclusion bodies obtained from pQE-30 S219V. In contrast, GST-TEV238D had only $50% of the specific activity of AIA-His 7 -TEV238D protease in the assay used here. It is possible that the lower activity may be due to steric hindrance of the active site by GST. To minimize the possibility for proteolysis of the linker, only three residues (Leu-Ile-Ala) were included between GST and TEV. It is possible that extension of the linker may allow greater flexibility between the two domains and increase accessibility of the active site.
